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ABSTRACT This paper discusses the effects of an incorrectly measured DC link voltage in a synchronous
drive system. As the investigations show, the control algorithm can become unstable when the measured
value for the DC link voltage is much smaller than the actual value. Therefore, this paper also presents two
approaches for estimating the DC link voltage based on the measured currents, the motor speed and the duty
cycle. If measured and estimated values of the DC link voltage deviate too much from each other, a fault
diagnosis system detects this fault and enables different flags based on the fault scenario. The flags are
then used to reconfigure the control algorithm, so that instead of the measured voltage its estimated value is
used. The analysis shows the need for the reconfiguration of a faulty DC link voltage measurement and the
experimental results demonstrate the effectiveness of the approach.

INDEX TERMS DC link voltage, fault diagnosis, observer, PMSM, reconfiguration, recursive least squares,
sensor faults, voltage source inverter.

I. INTRODUCTION
In the recent past, a lot of researchers investigated several
faults in electric drive systems, especially those equipped
with an inverter and a permanent magnet synchronous motor
(PMSM). While different faults in the inverter or the PMSM
itself are often discussed [1], there is still work to do when
it comes to sensor faults. With an increasing number of
safety-critical applications that rely on feedback control, like
electric vehicles or collaborative robots, the focus of current
research is shifting to sensor faults in PMSM drives [2], [3],
[4], [5], [6].

The main function of fault diagnosis is to detect and isolate
faults in a system. What all diagnostic strategies have in
common is that redundant information about the system is
required, which has to be obtained in different ways. This
redundancy can be generated either physically or analytically.
To avoid additional hardware (e.g. redundant sensors), often
observers are developed to estimate system quantities based
on other available measurements. By comparing measured
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and estimated values, faults in the system can be detected and
isolated [7], [8], [9].

If the fault was isolated, the control scheme can be adjusted
by a reconfiguration method and faulty or failed sensor sig-
nals are replaced by calculated alternative signals. Especially
in case of a complete sensor outage, the reconfiguration
ensures the availability of closed loop control. Under certain
circumstances, the model of the systemmust also be updated.
By reconfiguring the system, it can remain in operation
despite the presence of an error (e.g. a failed sensor). By com-
bining fault diagnosis and a reconfiguration method, a fault-
tolerant control system is created [10], [11], [12].

Permanent magnet synchronous motors are almost exclu-
sively operated with an inverter. For its safe operation and
proper control, the DC link voltage applied to the inverter
must be correctly measured in addition to other variables, like
speed and currents. If sensors do not function as expected,
provide incorrect measured values or fail completely, prob-
lems will arise with regard to the control strategy. However,
among all the sensors typically used in order to control a
PMSM, the DC link voltage sensor has been the least studied
one.
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In [13] the authors consider the PMSM drive of an elec-
tric vehicle, where two phase currents, the rotor position
and the DC link voltage are being measured. A faulty DC
link voltage measurement is detected by comparing the esti-
mated electrical input power supplied to the PMSM and the
mechanical output power. By using a power balance equation
and assuming that the power loss within the machine and
the inverter are known precisely enough, a DC link voltage
sensor fault is detected, when this power balance exceeds a
certain threshold. In this case the measured DC link voltage
is replaced by the nominal value. This is one disadvantage of
the approach, since no estimated value for the quantity to be
replaced is generated. Another drawback the authors mention
is the fact, that the fault detection is difficult at low speeds or
in an operating point with small load, since the power itself
is very small.

Diao [14], [15] introduces an observer for estimating the
DC link voltage. The observer uses a single-phase current
sensor, a DC link current sensor as well as the rotor speed and
the gate signals of the inverter to generate the estimated value.
ADC link voltage sensor fault is detected when the difference
between measured and estimated value exceeds 5% of the
nominal DC link voltage. The approach shows good results,
but has one big disadvantage. In order to estimate the DC link
voltage and detect faults concerning its measurement, another
sensor (DC link current sensor) is needed, which is typically
not required in order to control the motor (since the phase
currents get measured already).

Another approach [16] uses an Extended Kalman Filter
to estimate the currents in the stationary reference frame.
Estimated and measured values for the phase currents are fed
into an evaluation block. Within this block, three specially
designed indices are used to locate faults in the measurement
of the currents, the rotor position and the DC link volt-
age. Results show the effectiveness of the approach, at least
for faults that occur suddenly. However, there is no possi-
bility to reconfigure the control scheme apart from using
the nominal DC link voltage, since no estimated value is
calculated.

The authors in [17] propose a fault detection for the DC
link voltage sensor and a fault-tolerant control scheme for
a three-phase AC/DC converter. In this case a Luenberger
observer is used to estimate the DC link voltage. For doing
this, the converter is modeled as a nonlinear system based
on the power balance equation involving input and output.
At first, the nonlinearity of the model is linearized using
a small signal analysis. After that, a Luenberger observer
is designed to estimate the DC link voltage based on the
measurements of the three phase voltages. For detecting a
sensor fault, measured and estimated value of the DC link
voltage are compared. In case of a fault, the measurement
gets replaced by the estimation within the control loop. The
results show the effectiveness of the approach. However, the
application of the method is limited to the availability of
phase voltage measurements.

For the reasons mentioned above and in comparison to the
references cited previously, this paper presents two methods
for estimating the DC link voltage, that only use the mea-
sured quantities that are needed for motor control anyway.
The estimated value is used for fault diagnosis and recon-
figuration. Unlike in the cited works, the DC link voltage
does not only get supervised, but also an estimated value
is calculated. When comparing this signal to the measured
quantity, a faulty sensor can be detected and the estimated
value is used to replace it. This is another contribution of this
paper, since the control algorithm does not have to rely on a
fixed nominal value, which is typically being used, when the
DC link voltage sensor fails.

The paper is organized as follows: Section II gives a short
overview of the considered system. In Section III, the impact
of an incorrectly measured DC link voltage on the control
algorithm is discussed. The analysis shows the need for the
reconfiguration of the faulty sensor. Section IV proposes an
observer for estimating the DC link voltage. The formulation
of the observation problem as a parameter estimation problem
and its solution by using the recursive least squares algorithm
is presented in Section V. In Section VI, a fault diagnosis
system for the DC link voltage sensor as well as a strategy
for the reconfiguration of the control scheme are presented.
In Section VII, experimental results are shown to demonstrate
the effectiveness of the estimation methods, the fault diag-
nosis system and the reconfiguration strategy. Section VIII
concludes this paper and shows possibilities regarding further
research.

II. SYSTEM OVERVIEW
The considered system is a PMSM, that is controlled by a
state of the art control loop in field oriented components.
Fig. 1 shows a brief overview of the whole control loop.
It consists of a cascade control for regulating the speed ωm
in the outer loop as well as the direct and quadrature axis
currents (id and iq) in the inner loop. The control signals
are fed to a voltage source inverter (VSI) that applies the
desired voltages to the PMSM. The pulse pattern for the
VSI is generated by a sinusoidal pulse width modulation

FIGURE 1. Overview of the control loop.
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(SPWM). For the control algorithm to work properly, the
three phase currents iabc, the rotor position ϕm and the DC
link voltage UDC are measured (marked by dashed lines).

III. EFFECTS AND IMPACT OF AN INCORRECTLY
MEASURED DC LINK VOLTAGE
In order to understand the impact of an incorrectly measured
DC link voltage on the control performance, the q-axis cur-
rent loop is considered as an example. The simplified q-axis
control loop is shown in Fig. 2. In this representation the
effects of switching, cross-coupling and park/clarke transfor-
mations are neglected for the sake of simplification.

FIGURE 2. Simplified equivalent representation of the current control
loop.

In Fig. 2, a PI controller with the transfer function

GR(s) =
KR (TI · s+ 1)

TI · s
(1)

generates a command voltage uq. This voltage is divided by
the measured DC link voltage UDC,mes to receive the duty
cycle dq. The duty cycle is sent to the VSI, where it is used to
apply the desired voltage to the PMSM. If the VSI is assumed
to have ideal behavior, this process can be written by

u
′

q = dq · UDC,real (2)

whereUDC,real is the real DC link voltage fed to the VSI. The
PMSM as the plant is described by

GS(s) =

1
RS

Lq
RS

· s+ 1
=

KA

TA · s+ 1
(3)

where RS is the stator resistance and Lq is the quadrature axis
inductance. Because of the sampling process and the voltage
modulation by the SPWM method, there exists a time delay
of 1.5 · TS within the control loop, where TS is the sample
time. The measured phase currents in the stationary reference
frame are transformed to rotor oriented coordinates in order
to receive the currents id and iq. The obtained current iq is
then filtered by a low pass with the transfer function:

GF(s) =
1

TF,i · s+ 1
(4)

Generally, the Modulus Optimum (MO) based technique is
used to design the current controller in frequency domain.
TI =

Lq
RS

cancels the dominant pole of the plant with a

controller zero. According to [18], a controller gain of

KR =
TA

2 · KA · Tσ

(5)

where

Tσ = TF,i + 1.5 · TS (6)

maximizes the bandwidth of the control loop with a
flat magnitude curve. This controller design is generally
oscillation-free and robust with a nominal phase margin in the
range of 65◦ to 70◦ (Fig. 3). The open-loop transfer function
yields:

G0(s) = GR(s) · GS(s) ·
UDC,real

UDC,mes
· e−1.5·TS·s · GF(s) (7)

In Fig. 3 the open-loop frequency response of G0(jω) with
gains of UDC,real

UDC,mes
= 1, UDC,real

UDC,mes
= 0.5 and UDC,real

UDC,mes
= 5.2 are

compared. The latter case occurs when the DC link voltage
gets measured too small by a factor of 5.2 (e.g. the real DC
link voltage is 24 V, but the measurement provides a value
of 4.62 V). The parameters of G0(s) are listed in Table 1.

FIGURE 3. Open-loop frequency response G0(jω).

TABLE 1. Parameters of PMSM and Test Setup.

As it can be seen in Fig. 3, the open-loop frequency
response with a correctly measured DC link voltage has a
phase margin of 63◦ at a gain crossover frequency (GCF) of
ωD = 1375 rad/s. However, if the DC link voltage measure-
ment is smaller than the real value by a factor of 5.2, the GCF
increases to ωK = 5140 rad/s. At this angular frequency,
the phase of the open-loop frequency response is smaller
than −180◦ leading to an unstable control loop. Therefore,
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it can be concluded, that the control algorithm might become
unstable, if the DC link voltage gets measured too small.

On the other hand, if the DC link voltage measurement is
larger than the real value (UDC,real

UDC,mes
< 1), the gain of the open

loop decreases. This leads to a smaller GCF (ω
′

D = 707 rad/s)
and a larger phase margin. Considering the stability of the
control loop, it can be concluded that the control algorithm
cannot become unstable, if the DC link voltage gets mea-
sured too large. However, a smaller gain crossover frequency
causes a reduced speed of response. Consequently, a faulty
DC link voltagemeasurement should always be reconfigured,
so that the control algorithm operates with the actual DC link
voltage. Thereby the stability of the control loop and its set
dynamics are guaranteed at all times.

IV. ESTIMATION OF THE DC LINK VOLTAGE USING AN
ADAPTIVE OBSERVER
A. BASIC PRINCIPLE OF A LUENBERGER OBSERVER
A Luenberger observer is used to estimate the state vector x
of a linear system described by

ẋ = A · x+ B · u (8)

y = C · x (9)

where u is the input vector, y is the output vector and A, B,
C are the system parameter matrices. According to [19], the
state equations for the Luenberger observer are expressed as:

˙̂x = A · x̂+ B · u+ L ·
(
y− ŷ

)
(10)

ŷ = C · x̂ (11)

Here x̂ and ŷ stand for the estimated values of the state
and output vector, respectively. L as the observer gain has
to be chosen during the design process. The observer error
dynamics can be written by

˙̃x = (A− L · C) · x̃ (12)

where x̃ = x− x̂. In order to ensure that the estimation error
converges to zero, the observer poles have to be placed within
the left half-plane using the observer gain matrix L.

B. MODEL OF THE SYSTEM
Within this paper, the standard model of the PMSM in the
rotating dq frame is used to describe its behavior:

ud = RS · id + Ld ·
did
dt

− ωe · Lq · iq (13)

uq = RS · iq + Lq ·
diq
dt

+ ωe · (Ld · id + 9PM) (14)

In equations (13) and (14), ud and uq refer to the command
voltages of the current controllers, Ld and Lq are the direct
and quadrature axis inductances, ωe is the electrical angular
velocity and 9PM is the flux linkage. All other variables have
already been explained.

Now equations (13) and (14) can be rearranged, so that
both differential operators did

dt and diq
dt are on the left side.

Furthermore, the command voltages ud and uq will be
replaced by [

ud
uq

]
=

[
dd
dq

]
· UDC (15)

where dd and dq are the duty cycles in the rotating dq frame.
This yields:

did
dt

= −
RS
Ld

· id +
Lq
Ld

· ωe · iq +
1
Ld

· dd · UDC (16)

diq
dt

= −
RS
Lq

· iq −
Ld
Lq

· ωe · id −
9PM

Lq
· ωe +

1
Lq

· dq · UDC

(17)

Since UDC as quantity to be estimated appears in both equa-
tions (16) and (17), it is sufficient to only consider the quadra-
ture axis current iq for the observer design. The DC link
voltage UDC can be seen as a disturbance that affects the
system. Because UDC is typically treated as a constant, its
dynamics can be described by:

dUDC

dt
= 0 (18)

Equation (18) is a differential equation used to describe
the dynamics of a constant disturbance affecting the sys-
tem. Therefore, it is often called a disturbance model. Since
the observer is designed to estimate this disturbance, the
proposed observer is called disturbance observer in the
following.

For the further procedure, the duty cycle dq is interpreted
as the system input u and the current iq gets measured as the
system output y. Besides, iq and the DC link voltage UDC are
defined as elements of the state vector x:

u = dq, y = iq, x =

[
iq
UDC

]
(19)

By substituting equation (19) into the equations (17) and (18),
the system dynamics can finally be written as:

ẋ =

[
dq
Lq

· x2 −
RS
Lq

· x1 −
Ld
Lq

· ωe · id −
9PM
Lq

· ωe

0

]
(20)

y = x1 =
[
1 0

]
· x = cT · x (21)

C. OBSERVABILITY AND OBSERVER DESIGN
Since the standard Luenberger observer is only defined for
linear systems, but the state equation (20) of the system is
nonlinear, the system dynamics are approximated by a linear
parameter-varying (LPV) model with system matrix A

A =
dẋ
dx

=

[
−
RS
Lq

dq
Lq

0 0

]
(22)

where dq, the duty cycle for the quadrature axis, is a time
varying quantity.

In order to be able to design an observer, the considered
LPV system has to be observable. This property of the system
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can be checked by evaluating the observability matrix QB as:

QB =

[
cT

cT · A

]
=

[
1 0

−
RS
Lq

dq
Lq

]
(23)

If the observability matrix QB has full rank, the system is
called observable and an observer can be designed [19].
Looking at equation (23), it can be seen that this is the case,
if dq is not zero. This condition is always fulfilled, because
|dq| > 0 applies to all operating points except standstill with
no load. Now an observer feedback vector l can be defined as

l =

[
l1

l2/dq

]
(24)

where l1 and l2 are parameters that can be chosen freely.
The major advantage of this choice of vector l is that the
eigenvalues of the observer are independent of dq. Using the
feedback, the observer error dynamics are set by AGB:

AGB = A− l · cT =

[
−l1 −

RS
Lq

dq
Lq

−
l2
dq

0

]
(25)

The eigenvalues λi (with i = 1, 2) of the matrix AGB are the
zeros of its characteristic polynomial:

det (λ · I − AGB) = λ2 + λ ·
RS + Lq · l1

Lq
+

l2
Lq

(26)

The parameters l1 and l2 are calculated by comparing equa-
tion (26) with a desired polynomial that contains the desired
eigenvalues. Within this paper, the eigenvalues are selected
as:

λ1 = −1136.4, λ2 = −2 (27)

Hereby, λ1 practically corresponds to the eigenvalue −
RS
Lq

of
the considered LPV system from equation (22). The second
eigenvalue of the system is zero. The eigenvalues of the LPV
system can be calculated by solving the following equation:

det (λ · I − A) = 0 (28)

For the estimation error to decrease faster than the system
dynamics, the observer’s second eigenvalue must be less than
zero (in the left half-plane). At the same time however, the
value must not lie too far in the left half-plane, otherwise the
estimation signal of the observer might become very noisy.
Therefore it was selected as λ2 = −2. This leads to the
following parameter values:

l1 = 1, l2 = 0.5 (29)

Using the observer feedback vector l, the observer can be
synthesized as

˙̂x =

[
dq
Lq
x̂2 −

RS
Lq
x̂1 −

Ld
Lq

ωeid −
9PM
Lq

ωe

0

]
+

[
l1
l2
dq

]
·
(
iq − x̂1

)
(30)

where id and iq represent the measured direct and quadrature
axis current andωe is themeasured electrical angular velocity.
The structure of the proposed observer is shown in Fig. 4.

FIGURE 4. Proposed observer for estimating the DC link voltage.

Note: The adaptive feedback is necessary to ensure, that
the eigenvalues of the observer are independent of dq and its
sign. It might be useful to implement a logic that effectively
removes values of dq = 0 and replaces themwith small values
(e.g. dq = 10−4) to avoid dividing by zero.

V. ESTIMATION OF THE DC LINK VOLTAGE USING A
RECURSIVE LEAST SQUARES ALGORITHM
Apart from using an observer, the DC link voltage can also
be estimated by a recursive least squares algorithm. Hereby,
the DC link voltage is treated as an unknown parameter of an
equation. By using the measurement information and input
signal in the correct way, the parameter can be estimated.

A. BASIC PRINCIPLE OF LEAST SQUARES ALGORITHM
For designing the least squares (LS) algorithm, equation (17)
gets rewritten in a different form:

Lq ·
diq
dt

+ RS ·iq+Ld ·ωe · id+9PM · ωe = dq · UDC (31)

Now the two parts independent of iq on the left side of
equation (31) are combined to a disturbance signal z.

Lq ·
diq
dt

+ RS · iq + z = dq · UDC (32)

Discretizing equation (32) using the forward Euler method
and substituting UDC with ÛDC yields:

Lq
TS

[
iq(k) − iq(k − 1)

]
+ RS · iq(k) + z(k) = ÛDC · dq(k)

(33)

Since the whole left side of equation (33) depends on the
measured values of iq, id and ωe, this part is considered as
the target value xT(k). Besides, dq is the system input u(k),
so that the model of the system can be written in the form of

xT(k) = ÛDC · u(k) (34)

where ÛDC is the unknown DC link voltage which can be
estimated using the LS algorithm. After a time interval of N
sampling periods, the model can be shown in a vector form:

xT(1)
xT(2)

...

xT(N )

 =


u(1)
u(2)

...

u(N )

 · ÛDC ⇒ xT = u · ÛDC (35)
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Now an LS algorithm can be used to choose ÛDC in a way,
so that the sum of squared errors is minimized. According
to [20] this leads to the following solution for ÛDC:

ÛDC =

(
uT · u

)−1
· uT · xT (36)

B. EXTENSION TO RECURSIVE LEAST SQUARES
ALGORITHM
In certain scenarios it is useful to arrange the LS algorithm
recursively. This keeps the computational burden at a constant
level although new samples for the input and output signals
are fed to the algorithm. Therefore, this extension is called
recursive least squares (RLS) algorithm. The basic idea of
RLS is to let the current estimate for the unknown parame-
ter ÛDC at sample point k depend on all the data achieved
previously, without adding further values to the vectors u
and xT. The RLS algorithm describes how the estimated
unknown parameter ÛDC(k − 1) at sample point k − 1 is
updated to ÛDC(k), once the new values for u(k) and xT(k)
are obtained. According to [20] and [21] this procedure can
be described by:

ÛDC(k) = ÛDC(k − 1) + K(k) · e(k) (37)

e(k) = xT(k) − u(k) · ÛDC(k − 1) (38)

K(k) =
P(k − 1) · u(k)

λ + u2(k) · P(k − 1)
(39)

P(k) =
1
λ

[
P(k − 1) −

P2(k − 1) · u2(k)
λ + u2(k) · P(k − 1)

]
(40)

Hereby K(k) denotes the gain matrix, P(k) is the covariance
matrix and 0 < λ < 1 stands for the adjustable forgetting
factor. The structure of the RLS algorithm is shown in Fig. 5.
Within this paper, the default values are set to ÛDC(0) = 0 and
P(0) = 104. The forgetting factor is chosen as λ = 0.97.

FIGURE 5. RLS algorithm for estimating the DC link voltage.

Note: Although K(k) and P(k) are scalar variables within
this paper, they typically represent matrices. For the sake of
simplicity, they are nevertheless marked with bold capital
letters to prevent misunderstanding. Furthermore, it must be
considered that the equations (37) - (40) have already been
simplified because e(k), u(k), xT(k), K(k) and P(k) are scalar
quantities.

VI. FAULT DIAGNOSIS OF DC LINK VOLTAGE AND
RECONFIGURATION
A. FAULT CATEGORIES AND THEIR CAUSE
The diagnosis system developed in the following is capable
of detecting two different fault categories. The fault scenarios
can be derived based on the measurement method using a
differential amplifier as shown in Fig. 6.

FIGURE 6. Differential amplifier for measuring the DC link voltage.

The gain kADC between the actual DC link voltage UDC
and the voltageUDC,ADC fed to the Analog-Digital-Converter
(ADC) yields:

kADC =
UDC,ADC

UDC
=

R4
R2 + R4

·
R1 + R3
R1

= 0.125 (41)

The ADC compares the voltage UDC,ADC to a reference volt-
age (e.g.Uref = 3.3V) and generates a number nADC between
0 and 2BitsADC − 1 where BitsADC refers to the number of bits
used for the analog-digital-conversion. ThemeasuredDC link
voltage UDC,mes can then be calculated as:

UDC,mes =
nADC

2BitsADC − 1
· Uref ·

1
kADC

(42)

As it can be seen in Fig. 6, the voltage UDC,ADC fed to the
ADC will tend to zero, if the resistor R2 breaks and becomes
high impedant. The same effect can occur because of solder
fatigue at the solder joints of R2. Since UDC,ADC tends to
zero, also the value for the measured DC link voltageUDC,mes
eventually reaches zero. Therefore, this fault is considered as
a complete sensor failure with the following failure model:

UDC,ADC = UDC,mes = 0 ≪ UDC,real (43)

Similar to what was described before, one of the other
resistors in Fig. 6 can also fail and become high impedant.
As an example, it is assumed that R1 fails and after the fault
occurs, the value equals R

′

1 = 1 M�. This changes the
amplification factor to:

k
′

ADC =
UDC,ADC

UDC
=

R4
R2 + R4

·
R

′

1 + R3
R

′

1

≈ 0.063 (44)

Compared with the gain factor 0.125 from equation (41),
the voltage UDC,ADC is now only about half of the value
before the fault occurred, if the actual DC link voltage UDC
remains unchanged. Consequently, the measured DC link
voltageUDC,mes also decreases to half of its value, since kADC
is still used in the software to calculate the DC link volt-
age based on the ADC information. This fault scenario can
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be interpreted as a gain fault. Mathematically, this can be
expressed as:

0 ≪ UDC,mes ̸= UDC,real (45)

There are a lot of other fault scenarios to be thought of. Still,
they all have the same effect of an incorrectly measured DC
link voltage. SinceUDC is typically considered to be constant,
a distinction between offset and gain faults is not useful.
Because of that, all significant deviations of the measured
DC link voltage UDC,mes from the actual value UDC (with
UDC,mes > 0) are considered as a sensor deviation, which
is the second fault scenario.

B. FAULT DIAGNOSIS SYSTEM
The proposed fault diagnosis systems uses two flags to indi-
cate the fault category. A complete sensor failure is detected
if the measured DC link voltage UDC,mes is smaller than a
set threshold thfail−DC. The second fault is assumed to be a
deviation between measured and estimated DC link voltage,
with the measured value still being above the previously
mentioned threshold.

Considering the analysis in section III, a faulty measure-
ment (especially a complete sensor failure) has to be detected
before the system becomes unstable. Therefore, thfail−DC
should not be chosen too small, but rather dependent on
the nominal DC link voltage UDC,nom and the open-loop
frequency response. As Fig. 3 shows, the gain margin of
the open-loop frequency response with the DC link voltage
measured correctly is approximately AGM ≈ 14.25 dB at a
phase crossover frequency ωK = 5140 rad/s. Based on this
value, it is clear, that the control loop becomes unstable if the
DC link voltage gets measured too small by a factor of

kcrit =
1

10−AGM/20 =
1

10−14.25/20 ≈ 5.16 (46)

This is the case, when the measurement value drops below
the threshold

thfail−DC =
UDC,nom

kcrit
=

24V
5.16

= 4.65V (47)

while the actual DC link voltage remains at its nominal
value. To detect this sensor fault before the control loop
becomes unstable, some kind of trade-off is necessary. On the
one hand, the parameter should be chosen relatively high to
allow for a fast detection, preventing an unstable operation.
On the other hand, a value close to the threshold given in
equation (47) minimizes the number of false alarms. To be
on the safe side and allow for a faster fault detection time, the
parameter will be selected as:

thfail−DC = 10V (48)

If the previously mentioned condition

UDC,mes < thfail−DC (49)

is fulfilled, a flag Flagfail−DC is set to signalize the presence
of the fault.

The other fault scenario, a deviation between measured
and estimated DC link voltage, is detected if the following
conditions are true:

• The flag Flagfail−DC is not set. Therefore, the voltage
sensor is assumed to not have failed completely.

• The absolute difference between the measured DC link
voltage UDC,mes and its estimated value ÛDC exceeds
a set threshold thdev−DC for a minimum time span of
tmin,dev−DC. Both parameters affect the sensitivity of the
diagnosis system and the required time to detect a faulty
measurement. Ideally, the parameters should be chosen
quite small allowing a fast detection of even very small
faults. However, small values also increase the risk of
false alarms during transients of speed, current and load.
By using suitable values for thdev−DC and tmin,dev−DC
these transients, which can lead to deviations between
UDC,mes and ÛDC even in the non-fault case, are being
ignored. In this paper, a compromise is made and the
parameters are selected as:

thdev−DC = 1V, tmin,dev−DC = 50ms (50)

If both conditions are fulfilled, a flag Flagdev−DC is set to
indicate the fault. The proposed diagnosis system for the DC
link voltage is shown in Fig. 7.

FIGURE 7. Structure of the fault diagnosis system.

Note: A complete sensor failure is assumed to occur
rapidly, so that the measured DC link voltage UDC,mes
decreases to a value lower than thfail−DC in a shorter time
than tmin,dev−DC. As long as the software-based time constant
for filtering the measured DC link voltage is not chosen too
big, this assumption should always be met. This way the
flag Flagfail−DC is always set before the second condition for
enabling the flag Flagdev−DC is true. This makes it possible
to distinguish between the two fault scenarios.

C. RECONFIGURATION OF FAULTY DC LINK VOLTAGE
MEASUREMENT
As shown in Section III, a faulty DC link voltage mea-
surement deteriorates control performance or even leads to
instability of the control system. Therefore, in this case the
measured DC link voltage UDC,mes used for calculating the
duty cycle by the SPWM method should always be replaced
with the estimated value ÛDC. Two flags (Flagfail−DC and
Flagdev−DC) have been introduced for indicating the con-
sidered fault scenarios. Hence, the reconfiguration strategy
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FIGURE 8. Reconfiguration of a faulty DC link voltage measurement.

FIGURE 9. Structure of the experimental hardware setup.

is quite simple. If at least one of the flags is set, the DC
link voltage used for the control algorithm is switched from
UDC,mes to ÛDC. The implemented logic is shown in Fig. 8.

VII. EXPERIMENTAL RESULTS
To assess the performance of the proposed estimation
schemes, the fault diagnosis system and the reconfiguration
strategy, various experiments are performed on a hardware
setup shown in Fig. 9. Therefore, these four software mod-
ules as well as the control algorithm are implemented on
a real-time system consisting of an FPGA and a dSPACE
MicroAutoBox. The experiments are performed by using a
24 V inverter and a small PMSM coupled with a load motor.
Details regarding the used PMSM have already been shown
in Table 1.

At first, the observer and the RLS algorithm for estimating
the DC link voltage are compared. Then, two measurement
results are presented to show the effectiveness of the fault
diagnosis system and the reconfiguration strategy. All three
measurements have been performed at 50% of the rated
torque.

A. COMPARISON OF OBSERVER AND RLS ALGORITHM
Since two methods (disturbance observer from section IV
and RLS algorithm from section V) have been proposed
for estimating the DC link voltage, it is useful to compare
their performance. Their dynamic and steady state behavior
is considered in Fig. 10. Since the DC link voltage is typically
seen as a constant, the best approach to compare the two
estimation schemes regarding their dynamic behavior is to

FIGURE 10. Comparison of disturbance observer and RLS algorithm.

investigate the estimated signals after a reference step of the
motor speed.

As Fig. 10 shows, both approaches share pretty much the
same dynamics after a change of the motor speed. Following
the speed reference step from 1200 rpm to 1800 rpm at time
t = 3.74 s, the estimation converges to the correct value
within approximately 60ms. So bothmethods have nearly the
same dynamic behavior. However it can be noticed, that the
disturbance observer has a much more recognizable tendency
to oscillations than the RLS method. This is an advantage
of the latter approach, since no filtering of the estimated
signal ÛDC,RLS is required. To smooth the signal ÛDC,observer,
a low pass filter can be used. Alternatively, the magnitude of
the observer eigenvalues can be reduced. This leads to less
oscillations, but also reduces the estimation error dynamics.

As the DC link voltage is typically seen as a constant, it is
nevertheless useful to implement a low pass filter with a time
constant of 5 ms for both approaches. This way, both methods
provide even more similar results and a smooth estimated sig-
nal for the DC link voltage. Still, one drawback of the method
currently is the deviation between measured and estimated
DC link voltage in case of dynamic changes regarding the
operating point. This behavior has to be investigated in future
research.

B. DIAGNOSIS AND RECONFIGURATION
EXPERIMENTAL RESULTS
Now two experimental results are presented to demonstrate
the function of the diagnosis system and the reconfigura-
tion method. Hereby, a fault is injected by manipulating the
correct information of the ADC yielding a faulty measure-
ment value. Fig. 11 shows a measurement result where the
DC link voltage sensor fails completely. Then the presented
reconfiguration strategy is used to replace the faulty measure-
ment with the estimated value of the disturbance observer.
However, the obtained value of the observer fed to the fault
diagnosis system and reconfiguration strategy can easily be
replaced by the estimated value of the RLS algorithm as well.
Since both estimated values for ÛDC of the observer and the
RLS algorithm are filtered by a low pass with a time constant

37250 VOLUME 11, 2023



P. Heil, A. Ali: Analysis, Diagnosis and Reconfiguration of a Synchronous Motor Control

FIGURE 11. Reconfiguration of a DC link voltage sensor failure.

of 5 ms, their dynamic and steady state behavior is very
similar.

At the beginning, the motor speed equals n = 1200 rpm
where the measured DC link voltage UDC,mes is used for the
control algorithm as shown in Fig. 2. Both, the measured and
the estimated values of the DC link voltage ÛDC are in good
agreement with the actual value UDC,real. However, at t =

4.675 s the DC link voltage sensor fails and the measured
value UDC,mes decreases to zero within roughly 25 ms as
the time constant for filtering the DC link voltage is set to
TF,DC = 5 ms. Because the threshold for detecting a failure
of the DC link voltage sensor was set to thfail−DC = 10 V,
the fault is detected as soon as UDC,mes falls below 10 V.
The diagnosis system enables the flag Flagfail−DC and the
reconfiguration strategy replaces UDC,mes with ÛDC for the
control algorithm. As it can be seen in the second plot, there
is a small oscillation in the speed signal which disappears
approximately 10 ms after the fault occurred. The oscillation
is mainly evoked due to the harsh and simple switching from
UDC,mes to ÛDC. Further studies regarding more advanced
reconfiguration strategies are needed. Because of the recon-
figuration algorithm and ÛDC ≈ UDC,real, the motor can
continue to operate safely with the same control dynamics
despite the sensor failure.

The second measurement result in Fig. 12 shows the
diagnosis and reconfiguration of a faulty DC link voltage
measurement. This time however, the sensor does not fail
completely, but rather suffers a wrong gain factor as discussed
in section VI. This leads to an incorrectly measured value
for the DC link voltage with 0 ≪ UDC,mes < UDC,real. Due
to the incorrect amplification factor, the measured value for
the DC link voltage UDC,mes drops from 24 V to 19 V at
t ≈ 2.5 s. Because the estimated value for the DC link voltage
remains at 24 V after the fault, the difference between the
measured and the estimated values exceeds the set threshold
of thdev−DC = 1 V as stated in equation (50). Since the
difference continues to have a value greater than thdev−DC
for a time span longer than tmin,dev−DC = 50 ms, the fault
is detected at t ≈ 2.55 s. The diagnosis system enables the
flag Flagdev−DC and the reconfiguration algorithm replaces
UDC,mes with ÛDC, which is estimated by the observer.

FIGURE 12. Reconfiguration of a faulty DC link voltage measurement.

As the second plot shows, the oscillation in the measured
speed signal n is triggered by two events. The first event
at t = 2.51 s is caused by the fault occurrence, when due
to the sensor fault, the measured value UDC,mes drops to
19 V. During the time span 2.51 s ≤ t ≤ 2.56 s, the faulty
measurement is still used to control the motor as shown in
Fig. 2. However, due to the fact that the factor

k =
UDC,real

UDC,mes
=

24V
19V

≈ 1.26 < 5.16 = kcrit (51)

is smaller than its critical value kcrit, the control loop remains
stable. As a consequence, the oscillation is damped and the
motor speed becomes steady at its reference value. In the
meantime, the fault is detected and isolated by the diagnosis
system. The reconfiguration scheme in the control algorithm
switches the value of theDC link voltage from the faulty value
of 19 V to the estimated value of 24 V (at t = 2.56 s). This
sudden change causes another damped oscillation. Of course,
this reconfiguration strategy which causes a switching in the
system is not optimal. In the future, the reconfiguration could
be improved to implement a soft transition from UDC,mes
to ÛDC.
Note: The reconfiguration of the sensor failure in Fig. 11 is

mandatory, because otherwise the control loop would become
unstable. The reconfiguration of the second fault scenario in
Fig. 12 however is optional, if only instability concerns are
considered. As it can be seen in the second plot of Fig. 12,
the control loop is able to reach its reference value after the
fault occurred, even if the faulty measured value UDC,mes is
used for controlling the motor. Stability of the control loop is
no problem in this case. Nevertheless, the reconfiguration of
the faulty DC link voltage measurement is still useful in order
to keep the closed loop dynamics set by the controller design.

VIII. CONCLUSION
Controlled PMSM drives rely on the measurements of cur-
rent, speed and DC link voltage. In practice, the sensors used
for acquiring these measurements can provide false values
or fail completely, with a significant impact on the control
behavior. This paper discussed the impact of an incorrectly
measured DC link voltage on a synchronous drive system,
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controlled by a cascade control in field oriented coordinates.
The analysis showed that the control algorithm can become
unstable if the DC link voltage gets measured too small,
because the gain of the open loop increases. This leads to
a smaller phase margin, eventually resulting in an unstable
control loop. Therefore, two methods were proposed to esti-
mate the DC link voltage based on the measured currents, the
rotor speed and the duty cycle. Furthermore, a fault diagnosis
system was introduced, capable of detecting a faulty DC
link voltage sensor. A reconfiguration algorithm replaces the
faulty measurement with the estimated value. Experimental
results show the effectiveness of the two estimation algo-
rithms, the fault diagnosis system and the reconfiguration
strategy.

When comparing the results to others works, the proposed
observers not only have the advantage of providing an esti-
mated value for the measured quantity instead of purely
supervising the measurement by a power balance equation.
Additionally, the observers only rely onmeasurement signals,
that are needed for control anyway and do not require any
further sensors to be added to the system. Lastly, the fault
detection and reconfiguration method can be tuned by three
simple and physically interpretable parameters.

In this paper the algorithms were developed assuming the
nominal system. In practice, there may be the influence of
certain factors such as interference noise which will impact
the system. Therefore, future research has to be done regard-
ing the influence of disturbances on the estimation accuracy
and the fault detection robustness. Additionally, the error of
both estimation schemes at changing operating conditions of
the drive system has to be examined in more detail.
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